Abstract-The results of a detailed study of the optical output of the p-Ge hot hole terahertz laser for pulsed-locked, as well as for mode-locked operation, is reported in this paper. The recently developed technique to achieve active mode locking is described. Results on the shape of the pulses in the small-signal gain, as well as in the saturated gain regime under mode-locked operation, are given. These will be discussed in the light of new results on timeand wavelength-resolved experiments for normal pulsed operation. Under favorable conditions, it is found that trains of pulses with a full width at half maximum pulsewidth of 100 ps can be produced.
The p-Ge Terahertz Laser-Properties Under Pulsedand Mode-Locked Operation
I. INTRODUCTION
T HE p-Ge hot hole laser is as yet the only solid-state laser with a strong and tunable broad-band emission in the terahertz frequency range. A well-known disadvantage of this source is the strong heating of the cryogenically cooled laser crystal, resulting from the particular laser excitation mechanism. As a consequence, only short pulsed operation is possible [1] . Lately, much effort has been put into the development of techniques to realize continuous wave (CW) operation of this laser, in order to enable the use of this source for instance as local oscillator in terahertz heterodyne systems [2] . Recently, duty cycles as high as 2.5% have been obtained, using very small laser crystals doped with double acceptors [3] , [4] . Until now, however, not much work has been performed to employ the possibilities of this laser to create very short pulses that could be of use for time-resolved experiments in which monochromatic terahertz radiation is needed. Some time ago, a possible method, based on the results of Monte Carlo simulations, was discussed to actively mode lock the p-Ge laser [5] . Using that proposed modulation technique, we recently succeeded in the first experimental realization of mode-locked operation [6] , [7] . In this paper, we present results of a study on the relation between wavelength, small-signal gain, and pulseshape on the one hand, and excitation conditions on the other hand, for this pulsed mode-locked laser. Peculiar properties of the optical output of this mode-locked laser appear to be intimately related to the wavelength dependence of gain and pulseshape, as observed for long pulsed operation. We show that we are able to produce trains of terahertz pulses with a full width at half maximum (FWHM) width shorter than 100 ps.
The operation of the p-Ge hot hole laser is based on the acceleration of holes in fields at K [1] . For the proper ratio of and fields, 1.5 kV/cmT, the heavy holes (HH's) are accelerated up to energies above the optical phonon energy 37 meV and, therefore, strongly scattered by optical phonons. A few percent of these HH's are scattered into the light hole (LH) band. The LH's do not reach the optical phonon energy and, are thus, not scattered, but accumulate on closed trajectories below the optical phonon energy (see Fig. 1 ). The resulting population inversion between the LH and HH bands lead to stimulated emission in the 1.5-4.2-THz range. It must be noted that both bands are split up in discrete Landau levels by the action of the magnetic field. Due to the very short lifetime of the HH's, combined with the small HH Landau level splitting, resulting from the large effective mass, the HH Landau levels merge to one broad band. Due to the longer lifetime of the LH's and the much larger Landau level (and electron spin-) splitting, the LH band does exhibit a discrete structure. Thus, in fact, population inversion occurs between one or more LH Landau levels and the HH band. By increasing the amplitude of both and , the frequency of the laser emission tends to increase. For proper action, and must be accurately perpendicular, as a small component of the electric field causes an acceleration of the holes that is not restricted by the action of the Lorentz force. This enables the LH's to gain so much energy that they are also scattered by optical phonons. As in that process, part of the LH's are scattered into the HH band, which leads to the destruction of the population inversion. Being a disadvantage for normal laser 0018-9480/00$10.00 © 2000 IEEE operation, this very effect can be employed to obtain a modulation of the laser gain. With the application of a periodic electric field , the population inversion, and thus, the laser gain reaches a minimum at maximum amplitude of that field, i.e., twice per cycle. Thus, by choosing the frequency equal to half the laser cavity round-trip frequency, a modulation of the gain at the round-trip frequency is achieved; the essential prerequisite for active mode locking [5] . The laser sample used (see Fig. 2 ), the same as in [6] , was cut from a single crystal of Ga-doped Ge, with cm , in the form of a rectangular parallelepiped of . Two gold mirrors, evaporated on quartz substrates and isolated from the crystal by 10-m Teflon films, are attached to the ends of the sample, which have been optically polished and made parallel to each other within 30 in. The smaller (4-mm diameter) mirror covers only part of the end face: the laser radiation leaking out alongside this mirror is detected with room-temperature detectors. The high-voltage electric excitation field ( ) is applied to ohmic contacts covering two opposite lateral surfaces of the sample in pulses of a few microseconds long to avoid excessive heating. The magnetic field ( [11 ] ) is applied perpendicular to the long axis and to . The RF field for gain modulation is also applied in short pulses, synchronized with the laser excitation, to additional ohmic contacts of 1 10 mm on the (other) lateral sides of the sample. It must be noted that employing the Voigt configuration, i.e., taking the optical axis perpendicular to both and , is essential in order to apply the present modulation technique. In the Faraday configuration (optical axis ), which is often used to operate the p-Ge laser, the modulation electrodes would block the optical path. As the optical length of the cavity is about , the laser cavity round-trip frequency equals MHz and, thus, the frequency of the modulation field is chosen as MHz. Fig. 3 gives a schematic overview of the experimental setup. The high-voltage pulser consists of a large low-inductance capacitor bank that can be switched on in two steps. Voltages up to 0.9 kV can be applied to the crystal within 30 ns, using a system of five parallel FET's. To obtain voltages up to 1.8 kV, a prestep is applied using an isolated gate bipolar transistor (IGBT) switch with a rise time of 500 ns. In this way, the electric field applied to the crystal is always raised within 30 ns from a value far below the active region (see Fig. 3 ) to the value needed for laser action. The other specifications for this high-voltage pulser are: 1) flatness better than 1% over a 10-s pulse; 2) V; 3) A; and 4) output impedance . A balanced transmission line for this high-voltage pulser was made from 75-m-thick Kapton film with 5-mm-wide copper conductors on both sides. For the gain modulation, a high-voltage proof buffer amplifier with a 250 W @386 MHz output was developed. The RF power is transferred to the Ge sample by a 50-coaxial cable. Inside the home-build Helium cryostat, as close as possible to the sample, a resonant circuit and transformer are situated to match the 10-resistance between the RF contacts on the Ge crystal to the 50-cable. The homogeneous electromagnet ( 1.2 T) with a 65-mm bore, can be rotated to adjust the angle between and to obtain optimum laser action. A z-cut quartz window at the bottom of the cryostat enables an easy outcoupling of the laser radiation. The spectrum of the laser output can be studied with a resolution 0.01 using a 7.9-grooves/mm blazed reflection grating. The optical output is monitored with fast room-temperature GaAs Schottky diode detectors (Faran Technology, Cork, Ireland) and/or slower pyroelectric detectors. The signal is displayed using either a 0.5-GHz bandwidth (2 GS/s) or a 1-GHz bandwidth (5 GS/s) oscilloscope to monitor the overall pulse envelope. For a detailed study of the waveform of individual pulses, a 6-GHz bandwidth real-time oscilloscope was available. The overall response time of the electronic system was determined to be 100 ps.
II. PULSED OPERATION
The absence of frequency-selective elements in the present cavity, together with the inherently broad-band nature of the intervalence band transition, causes laser action to occur simultaneously at a large number of longitudinal modes. Using a reflection grating in combination with a Schottky diode detector, the time-and wavelength-resolved optical output of the laser has been studied throughout the active region. Fig. 4 shows the -region of the present laser crystal for which laser action is observed. Due to the restrictions of the electro-magnet, observations were limited to fields up to 1.2 T. A separation into a low-and a high-field active region is clearly visible, both for values centered around 1.5 kV/cmT. In Figs. 5 and 6 , spectra recorded at a number of magnetic fields are shown in both the low-and high-field active regions, respectively. Whereas for 0.65 T, the frequencies of the emission band tend to increase with increasing magnetic field, for the low-field region, the opposite seems to be the case. In Fig. 7 , the overall range of emission frequencies as a function of the applied -field is shown for normal pulsed operation. The frequency boundaries indicate the extrema that can be obtained also varying the amplitude of the -field. The gap in the laser emission spectrum around 75 cm is common for Ge : Ga hot hole lasers and is due to optical absorption by the Ga impurities. [8] . In the low-field range and in the lower part of the highfield range, the radiation is found to be polarized parallel to the magnetic field. For , a small component also develops, which increases in intensity toward larger -and -fields. This phenomenon is similar to what was reported by Hosako et al. for their Ge : Ga laser in a Voigt configuration [10] . The general shape of the spectra recorded in the high-field region of this Ge : Ga laser can be understood using the arguments put forward by Reichertz et al. [9] . In Fig. 6 , a structure of broad peaks with a mutual separation of about 10 cm T can clearly be observed. These peaks form a sequence of "allowed" and "spin-flip forbidden" transitions between subsequent LH Landau levels and the HH band. Increasing the -field at constant causes a change of the relative intensities of these peaks in a way similar to that described in [9] .
The optical output in the low-and the high-field region has been observed both time and wavelength resolved. For T, the pulseshapes at three different wavelengths are shown by the solid curves in Fig. 8 . The zero of the time scales coincide with the moment that the approximately 3-s-long -field pulse reaches the necessary amplitude for laser action to occur. Emission in a broad band occurs, but laser action starts at the short wavelength (high energy) part of the spectrum whereas, during the pulse, longer wavelength components develop. At the end of the optical pulse, simultaneous emission across the total wavelength band occurs. From shot to shot, the relative intensities at these three wavelengths varies considerably, most probably due to longitudinal mode competition effects. However, the time delay versus wavelength remains quite constant. From the growth of inten- Fig. 9 . Shape of the optical pulses for B = 0:9 T at three wavelengths. sity in the early part of these pulses, the wavelength-dependent small-signal gain has been determined to be cm , cm and cm . It must be noted that these values represent the effective gain, i.e., the actual (bare) gain reduced by, among others, reflection and outcouple losses. As these losses may well be in the order of 0.01 cm , the wavelength dependence of the bare small-signal gain may not be as strong as the above values suggest.
As can be seen, the laser emission stops long before the end of the laser excitation. This is related to the strong heating of the crystal during excitation, which causes the laser gain to drop with time as a result of increasing lattice absorption and LH phonon scattering [11] .
To study the influence of lattice heating on the emission, a two-pulse excitation experiment has been carried out. The first -field pulse, with a low enough amplitude to avoid laser action, heats up the crystal. By applying the second pulse at a well-defined time delay after the first one, the initial lattice temperature of the crystal, at the moment of genuine laser excitation, can be increased in a controlled way. The solid curves in Fig. 8 have been taken at an initial temperature of K (liquid helium). The dashed-dotted and dotted curves were measured at higher initial lattice temperatures using this technique. Not unexpectedly, the time delay between excitation and start of laser emission increases and the small-signal gain and peak intensity decrease with increasing temperature for all three wavelengths. However, the amount of change differs with the result that, at higher initial lattice temperature, laser action starts at the long wavelength side of the spectrum.
In the high-field region, effects similar to those found in the low-field region are observed. In general, the small-signal gain is found to be larger, and laser action can be sustained for a somewhat longer period, despite the fact that, in this field region, the power dissipation is much larger because of the larger amplitude required for the excitation field. Fig. 9 show a typical results on the pulseshapes for three wavelengths at an initial temperature of K. In this particular case, the intensity at m shows two peaks as a function of time; clearly, some sort of mode competition with the 105-m component occurs. In this shorter wavelength region, the delay of laser action does not depend in a simple way on the wavelength, as in the case of the low-field region. In many circumstances, laser action starts at an intermediate wavelength, with contributions at both shorter and longer wavelength developing after some time. In view of the temperature dependencies of the delay times shown in Fig. 8 , this effect may very well be related to the occurrence of a higher lattice temperature in this high-field active region. Quite often, the intensity of a wavelength component peaks more than once during a pulse. Moreover, in the case of a (relatively) large small-signal gain, intensity oscillations on a time scale of 15-40 ns are observed.
The origin of the above described effects is not clear; a further study along these lines might yield valuable information regarding the laser processes which, until now, are still largely unknown. However, the nature of the pulse-to-pulse variations of relative intensities for the different wavelengths, together with the odd temperature-dependent effects, suggest that the optical pumping mechanisms, as proposed in [12] , are rather unlikely. They also seem to contradict the supposed homogeneous character of the intervalence band transition [13] .
III. MODE-LOCKED OPERATION
With the modulation field applied, active mode locking of the laser is achieved [6] , [7] . Both in the low-and high-field regions, the overall wavelength ranges are slightly smaller and the time delays slightly larger than observed for pulsed operation. This is possibly related to the disturbing effect of the RF modulation field on the start of laser action. We observed that a short RF burst applied before the start of the high-voltage excitation, causes an additional delay of normal pulsed laser action. The magnitude of this delay depends on the intensity and duration of the RF burst and on the time interval between the end of the burst and the start of the high-voltage excitation pulse. A simple order of magnitude estimate shows that the observed delay is much too large as to only be the result of local heating effects of the crystal near the RF electrodes. We also found that the precise starting time of the RF pulse appears to be of great importance to obtain optimum mode-locked laser action. The origin of these effects is not clear at the moment; possibly, the impact ionization induced by the RF field creates an RF current path that counteracts the later formation of a homogeneous high-voltage current needed to obtain a proper population inversion.
In the upper trace of Fig. 10 , the typical time-dependent optical output, as recorded with a 1-GHz bandwidth oscilloscope, under mode-locked conditions at T is shown. A strongly amplitude modulated signal is observed, with a modulation frequency equal to the cavity round-trip frequency of 772 MHz. A wavelength-resolved inspection of this output reveals that only at the short wavelength side of the emission band-i.e., 172 m-the depth of modulation is nearly 100%. The longer wavelength components show a much smaller modulation. By comparing the wavelength-dependent pulseshapes (solid lines) in Fig. 8 with the "unmodulated" part of the upper trace in Fig. 10 , it can also be concluded that the longer wavelength components are only weakly amplitude modulated. The lower trace in Fig. 10 is taken without application of RF modulation. The clearly visible 772-MHz modulation is due to "self mode locking" [7] . This self-mode-locking effect was found to occur in about 10% of the pulses in the low-field region.
In the high-field region, similar problems with the optical output under active-mode-locking conditions occur. In Fig. 11 , the time-resolved output at T is shown: at m (upper trace), the signal is strongly modulated. At m (lower trace), the intensity in the early part of the pulse is well modulated, but the modulation depth decreases strongly during the pulse. Using the 6-GHz bandwidth real-time oscilloscope, the output of the mode-locked laser has been studied with a much better time resolution. In the early stage of laser action (Fig. 12) , a regular train of pulses with a 1.3-ns separation, i.e., the cavity round-trip time, is observed. The increase of intensity of successive pulses reflects the small-signal gain per cavity round trip of the optical pulse. Also, a decrease of pulsewidth, typical for the buildup period of mode-locked operation, is observed. The small-signal gain is found to be slightly larger than for normal pulsed operation at equal and fields. The RF field probably causes a loss of gain in that part of the crystal that is situated in between the modulation electrodes, i.e., in 20% of the overall length of the active medium. This conclusion is corroborated by the observation that, under otherwise equal conditions, without the RF modulation applied, the small-signal gain in the case of self-mode-locked operation can be nearly twice as large [7] .
The slightly larger round-trip gain under actively mode-locked conditions clearly shows that the optical pulse does experience a larger gain in the unmodulated part of the crystal than the quasi-CW small-signal gain, as observed for normal pulsed operation. That suggests that the lifetime of the induced population inversion in that part of the crystal is a nonnegligible fraction of the 1.3-ns-cavity round-trip time.
Under saturated gain conditions, a train of constant-amplitude narrow pulses is observed (see Fig. 13 ). In the low-field region, the minimum width of these pulses is found to be about 100-ps FWHM. The electronic rise time of the detection system-Schottky diode, bias-T, and amplifiers-has been determined to be about 100 ps. It is, therefore, conceivable that the actual minimum width of the pulses may even be shorter. In the high-field regime, up until now, a minimum pulsewidth of 140 ps has been measured, using a different Schottky diode detector. In Fig. 14 , a single micro pulse is shown with an even better time resolution. The wiggles in the tail of the signal are the result of internal reflections in the detector unit due to a slight impedance mismatch. It must be noted that the mode-locked pulses depicted in Figs. 12-14 represent the "best typical" results. Due to the variation of emission wavelengths during laser action, stationary mode locking will strongly be hindered. To discuss these effects, we consider the best studied region around m. Similar as for long-pulsed operation, also under active gain modulation, the laser action in the 177-182-m region is delayed with respect to that in the 172-m region. The much smaller gain at these wavelengths is lowered even more by the disturbing effect of the RF modulation field. As a consequence, no genuine mode locking is observed for that wavelength region. Only a low-intensity amplitude-modulated output is seen, without the above-described clear mode-locking characteristics. As a result, from the additional lowering of the gain in the long wavelength region, due to the modulation field, proper mode-locked action at 172 m is sustained longer than would be expected from the time-resolved experiments under long pulsed operation. Nevertheless, in general, the duration of a properly behaving pulse train is only of the order of a few hundred nanoseconds.
In the high-field region, similar effects occur. However, due to the even more complicated time dependence of the emission frequencies, a well-behaving pulse train can only be produced by very carefully choosing the external lasing conditions.
IV. CONCLUSION
The results of a time-and wavelength-resolved study of the optical output of the mode-locked p-Ge hot hole laser, emitting in the terahertz range, has been reported in this paper. The system is able to produce trains of 100-ps FWHM pulses, yet the uncontrolled time-dependent variation of the emission wavelength during the laser excitation causes considerable problems. Possibly the introduction of a wavelength selective element in the cavity can lead to a better controlled output of the system. As staff member of the Physics Department, University of Leiden, he was involved in the study of low-dimensional magnetic systems using magnetic resonance and relaxation techniques. In 1985, he became involved in the field of far-infrared spectroscopy of impurities in semiconductors. Since 1990, he has been with the Department of Applied Physics, Delft University of Technology, Delft, The Netherlands, where he is involved in (non)linear far-infrared spectroscopy in semiconductors and the development of active (p-Ge laser) and passive (antennas, transmission lines) components for terahertz electronics.
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